Abstract-This paper presents the analysis, design, and experimentation results of a photovoltaic energy management system with battery backup. The proposed system is capable of both grid-connected and islanded operations. The main advantage of the proposed system is that, in grid-connected mode, the inverter works as a current source in phase with the grid voltage, injecting power to the grid and controlling the dc-link voltage. The dc/dc converter manages the battery charge. In islanded mode, the inverter control is reconfigured to work as a voltage source using droop schemes. The dc/dc converter controls the dc-link voltage to enable the maximum power point tracking reference to be followed. An operation protocol is proposed to ensure the quality of the energy supply and minimize energy loss. A battery bank is connected to the dc link as energy storage for islanded operation mode. The aim of this paper is to show that the proposed system performs correctly, without dangerous transients for the inverter or the loads. Simulation and experimental results on a 3-kW prototype show the feasibility of the proposed control strategy.
I. INTRODUCTION

I
N RECENT YEARS, the development of alternative energy sources has become a global priority, giving rise to intensive research about less environmentally polluting renewable sources.
The installation of smaller and distributed power plants has been made possible due to changes in both the power system concept and the economy of scale. The proximity between production and consumption centers has regained importance [1] , and distributed generation (DG) technologies have advanced greatly in recent years.
One way to insert DG systems into an electrical network is through microgrids [2] . A microgrid can be defined as a combination of loads and microsources that provide electric power to a local area. There are currently some important projects on microgrids around the world [3] - [6] .
The operation of a microgrid offers distinct advantages to customers and utilities, i.e., improved energy efficiency, reduced environmental impact, and greater reliability. One of the most important features of microgrids is that they can independently operate in islanded mode without connection to the distribution system when power system faults or blackouts occur.
Many commercial photovoltaic (PV) inverters work as a current source in grid-connected mode [7] , [8] . The control of inverters has developed over time and is now highly efficient for this operational mode.
Several works deal with the correct operation of inverters working in grid-connected and islanded modes. A possible solution is based on droop schemes. These schemes use P −Q strategies in the inverters to properly share the power delivered to the loads while avoiding critical communication lines. In [9] and [10] , the inverters are controlled by means of droop schemes in both operational modes, so that no advantage is taken from control algorithms that inject the inverter output current in phase with the grid voltage (current source algorithms) developed for commercial grid-connected inverters.
In [11] , the inverter works as a current source by providing a constant current to the grid. The inverter detects when islanding occurs and changes to voltage source operation. The authors also propose a load-shedding algorithm for intentional islanding and a synchronization algorithm for grid reconnection. During islanding operation, the reference imposed on the inverter voltage controller has a fixed value, so that inverter parallelization for load power sharing is not possible.
In [12] , the inverters change their control structure depending on the connection-disconnection status of the microgrid to the main grid. When the main grid is connected, the inverters work as a current source. In an islanding situation, they work as voltage sources connected by robust controller area network communications. However, this system requires a correctly operating communications bus, and this increases the cost.
In other studies such as [13] and [14] , reconfigurable control schemes are proposed, based on a very simple and effective type of control, namely, a multiloop linear proportional-integral (PI) control system. This method uses linear inner and outer PI control loops to regulate the system state variables. However, these papers do not clearly explain how inverters are parallelized when sharing the load power.
There are multiple implementation options for energy storage. Some authors propose an energy storage independent from generators, as in [4] , [15] , and [16] . Another option is to integrate storage and generation in a single system. Parallel integrated systems with a common dc bus are proposed in [17] - [19] . This dc bus has a fixed voltage, so that power converters for both generation and battery management are necessary to adequate the voltage and perform the maximum power point (MPP) tracking (MPPT) of the power sources.
In [20] , the proposed system is composed of a PV generator and a battery bank interconnected by means of a dc/dc converter. The inverter and the dc/dc converter share the same dc bus. The dc bus voltage is the same as the PV panel output voltage, which is imposed by an MPPT algorithm. This system has been designed for stand-alone applications.
This paper shows a reconfigurable control scheme based on multiloop control in both operational modes. In grid-connection mode, the inverter is controlled as a current source in phase with the grid voltage. When the microgrid becomes isolated from the grid, the inverters change their control configuration, working as voltage sources and using a droop method [9] , [21] - [23] to share the power demanded by the local loads. The droop method provides a good solution for parallelizing multiple inverters without using communications-as is detailed in the bibliography.
The proposed PV energy system provides energy storage capability and allows maximizing the energy extracted from the PV panels in both operational modes. The system includes a parallel energy storage system composed of a battery bank and a dc/dc converter that ensures the MPPT of the PV source in islanded operation. Additionally, the proposed control reconfiguration is possible without dangerous transients for the inverter or the loads.
II. PV SYSTEM
The PV system under study, shown in Fig. 1 , includes a 3-kW full-bridge single-phase inverter and a bidirectional dc/dc converter. The dc/dc converter is connected to the dc link at the input of the inverter. The dc/dc converter manages the battery charge-discharge. The dc-link voltage V dc is set by an MPP tracker in both islanded mode and grid-connected mode. In islanded mode, the MPP tracker provides a reference voltage to the dc/dc converter, so that it regulates V dc . In grid-connected mode, the MPP tracker delivers a reference voltage to the inverter, so that it can perform V dc regulation. The MPPT is implemented by means of a perturb and observe algorithm [24] , [25] . The MPP tracker defines the set point of the dc-link voltage to extract the maximum output power from the PV panel.
The PV arrangement provides a dc-link voltage of around V dc = 380 V at the MPP, which is high enough to inject power to the grid (230 V rms at 50 Hz) without a step-up transformer.
To perform the simulations, the PV array has been modeled as a current source that is dependent on the incoming irradiance, inserting the I-V curves of the panels as a function of several irradiance levels by means of a table. Fig. 2 shows the scheme and the control structure of the inverter that has been implemented. A current-controlled H-bridge single-phase inverter with bipolar pulsewidth modulation [26] has been chosen. This kind of inverter is common in grid-connected PV systems [27] . The inverter is fed by a dc programmable source in which the I−V curve of a PV panel has been programmed to emulate an array of 14 seriesconnected PV panels. Table I shows the electrical parameters of the PV inverter under study. The power of the inverter under study is 3 kW, with a switching frequency of 16 kHz.
A. Single-Phase Inverter
B. DC/DC Converter
To improve the power management in the microgrid, a backup energy storage is included. It consists of a battery bank connected to the inverter dc link by means of a two-quadrant bidirectional dc/dc converter. The main advantage of this configuration is that the dc/dc converter processes only a part of the generated power. This converter performs multiple functions: It serves as a battery charge regulator in grid-connected operation and a boost converter to deliver energy from the batteries to the inverter when the PV source has insufficient power to feed the local loads in islanded operation. In islanded mode, the most favorable operating condition occurs when the load power and the PV extracted power agree, i.e., when the dc/dc converter does not process power. Fig. 3 shows the simplified dc/dc converter power stage and its control structure. Table II shows the electrical parameters of the dc/dc converter under study.
The islanded and grid-connected operational modes are explained in the following sections.
III. DYNAMIC ANALYSIS
The inverter switches from grid-connected mode to islanded mode by selecting between two current references: I ref_grid and I ref_isl , as shown in Fig. 2 . The method described in [28] is used to detect the islanding condition.
A stability analysis of the converters is shown for both operation modes.
A. PV Power System Working in Grid-Connected Mode
In grid-connected mode, the dc-link voltage (V dc ) control is performed by the inverter, following a reference provided by term I * r is derived from the active power that is being delivered by the PV source [8] 
The amplitude I r is multiplied by the term cos θ, provided by a phase-locked loop (dqPLL) operating from the grid voltage. The dqPLL is implemented using the synchronous rotating reference frame technique [29] , [30] . The angle θ is that of the fundamental component of the grid voltage.
The current controller was implemented by means of a harmonic compensator [31] in order to comply with the standard IEEE 929-2000 [32] in terms of both the current total harmonic distortion (THDi) and the individual limits of harmonics.
Figs. 4 and 5 show the control loop block diagrams in gridconnected operational mode for the inverter and the dc/dc converter, respectively.
In Table III , the expressions of the transfer functions of interest for the control of the PV power system in grid-connected mode are summarized. Table IV shows the expressions of the chosen controllers for the inverter and dc/dc converter under study in grid-connected mode, along with the corresponding crossover frequencies (f C ) and phase margins (PMs).
Figs. 6 and 7 show the Bode plots of the current (T i ) and voltage (T v ) loop gains of the inverter and dc/dc converter, respectively, in grid-connected mode. The Bode plots predict the stability of the PV power system in this operational mode.
B. PV Power System Working in Islanded Mode
In islanded mode, the inverter feeds the local loads, producing a similar load voltage waveform as in the grid-connected situation. The inverter works as an ac voltage source feeding local loads. Therefore, it is necessary to have some energy storage element such as a battery, because the PV panels may not always be able to meet the power demand of the local loads.
It should be taken into account that the power delivered by the inverter must match the load power consumption. For   TABLE III  TRANSFER FUNCTIONS OF INTEREST FOR CONTROL  OF THE PV SYSTEM IN GRID-CONNECTED MODE   TABLE IV  SUMMARY OF THE EXPRESSIONS OF THE CHOSEN CONTROLLERS,  CROSSOVER FREQUENCIES, AND PMS IN GRID-CONNECTION MODE this reason, it is necessary to find the reference of the inverter output voltage (V or in Fig. 2 ) in terms of the active power and reactive power consumed by the loads. The method used to determinate this voltage reference is the droop method [33] , as shown in Fig. 2 . In the system under study, an only PV inverter has been considered, with the goal of our research being the change from grid-connected mode to islanded mode with a battery as additional energy storage, not the droop method in itself. As only one inverter in islanded mode has been studied, the droop method is not necessary. Nevertheless, the inverter control has been developed to work in a microgrid environment, in parallel with other inverters. Therefore, the analysis and the experimental results have been obtained with the full algorithm working (droop + inverter current and voltage loops). The voltage reference of the inverter output voltage controller (voltage controller-islanded element in Fig. 2 ) is synthesized by means of the droop scheme studied in [9] . In islanded operation mode, the dc-link voltage is controlled by the battery-side dc-dc converter following a reference set by the MPPT algorithm.
Figs. 8 and 9 show the inverter and dc/dc converter control loops for islanded operation, respectively.
In Table V , the transfer functions of interest for the control of the system in islanded mode are summarized. The term Z L (s) stands for the impedance of the local load in islanded mode. Table VI shows the expressions of the chosen regulators for both the inner current loop and the outer voltage loop, along with the corresponding crossover frequencies (f C ) and PMs for the inverter and dc/dc converter in islanded mode.
Figs. 10 and 11 show the Bode plots of the current (T i ) and voltage (T v ) loop gains of the inverter and dc/dc converter, respectively, in islanded mode. The Bode plots predict the stability of the PV power system in this operation mode.
To avoid abrupt transitions from one operation mode to another, it is necessary to equalize the initial conditions of the current controllers of both the inverter and the dc/dc converter before the change. It should be pointed out that, when switching from one mode to the other, the same transfer functions of the current controllers are used [34] .
IV. ENERGY MANAGEMENT
Figs. 12 and 13 show the proposed energy management protocol in grid-connected operation and in islanded operation, respectively.
When the grid is connected, the power needed to charge the batteries can be extracted from the PV array and from the grid. Fig. 12 shows a possible scenario in this operational mode regarding the power delivered to the batteries at a constant available power from the PV source. At the beginning, the available PV power is less than the necessary battery charge power, and the inverter takes the supplementary energy from the grid (P out < 0). When the battery charge power decreases, the inverter starts to inject power to the grid (P out > 0). After the end of charge, all the available PV energy is injected to the grid (P PV = P out ). Fig. 13 shows a possible scenario in islanded operation mode. In this mode, the batteries work as an energy backupnecessary if available PV power is less than the load power demand. The batteries obtain energy from the PV source when the generated power is higher than that required by the loads. When the power required by the loads is higher than that of PV generation, the batteries deliver the necessary additional power.
V. SIMULATION RESULTS
This section presents simulation results of the aforementioned system. These simulations were conducted using PSIM software [35] and tested on the PV inverter and grid previously In the simulations, the following nomenclature has been used. 1) P out : power delivered by the inverter to the ac side. When P out < 0, the inverter is delivering power to the batteries. P out > 0 means that power flows from the inverter to the ac side, either to the grid (grid mode) or to local loads (islanded mode). 2) P bat : power delivered by the batteries. When P bat < 0, the batteries are being charged. P bat > 0 means battery charge. 3) P PV : power delivered by the PV source. It holds that P PV ≥ 0.
From the aforementioned definition of powers, it holds that P PV + P bat = P out . Fig. 14 shows an irradiance variation (P PV is increased from 500 W to 2 kW), followed by a variation of the battery charge power (P bat varies from −880 to 0 W) in grid-connected operation. The upper two graphs show the evolution of the point of common coupling (PCC) voltage and the ac current injected by the inverter. The third graph shows the evolution of the battery output current (I bat < 0 means that the batteries are being charged). The fourth graph shows the dc-link voltage evolution. The bottom graph shows the evolution of the power delivered by the inverter and batteries.
In this operational mode, the dc-link voltage reference is established by the MPPT algorithm, and the inverter follows this reference. At the beginning, the inverter takes energy from the grid to track the dc-link voltage level and to ensure the required charge level. Note the 180
• phase shift between the PCC voltage and the grid injected current in the initial situation, while P out < 0. The end of the charge is noticeable when the system stops its energy injection to the battery. 15 shows the response of the system to load steps (P out = 1 kW → 1.7 kW → 2.4 kW → 1.7 kW resistive load) working in islanded mode at a constant PV power (P PV = 1.8 kW). The inverter output voltage is unaffected by the load step. Note that, when P bat < 0, the batteries are being charged whereas, when this power is positive, the batteries deliver the needed supplementary power to the loads. The inverter output power decreases or increases depending on the load power, whereas the PV output power and the dc-link voltage remain constant. The battery bank supplies or absorbs the necessary power to keep a constant dc-link voltage, tracking the MPP of the PV panel. Fig. 16 . Transition from grid-connected mode to islanded mode at a constant P PV . The local load is 1500 W resistive. Fig. 16 shows the transition from grid-connected mode to islanded mode at a constant irradiance of the PV array (P PV = 1200 W). After the islanding, the local load power demand (1500-W resistive load) is higher than the PV-source-generated power, and the batteries provide the difference. Note that the inverter output current produces a minimum variation of the PCC voltage in the transition to islanded mode. The fifth graph depicts the instant in which islanding occurs at t = 0.5 s. Fig. 17 shows the transition from grid-connected mode to islanded mode with a nonlinear local load at a constant irradiance (P PV = 800 W). The nonlinear load consists of a single-phase bridge diode rectifier with a capacitive filter of C F = 170 μF with a resistive load R = 55 Ω. The crest factor for this rectifier is CF = 2.3 with an apparent power of S out = 1800 VA (power factor P F = 0.67%) when connected to an ideal 230-V rms 50-Hz supply.
After the islanding, the local load power demand (P out = 1300 W) is higher than the PV-source-generated power, and the batteries provide the difference. The plots are similar to those in Fig. 16 . The THDv in islanded operation is 6.8%. Fig. 18 shows the simulation of a transition from islanded mode to grid-connected mode. This transition is produced after the inverter output phase synchronization with the grid phase [36] . The power demanded by the local load (2.1 kW resistive) is higher than the available PV power (P PV = 1.2 kW). Before the transition, the batteries provide the difference. In a smooth transition, there is a soft transient in the dc-link voltage. After the transition, the inverter works as a current source in phase with the grid voltage.
VI. EXPERIMENTAL RESULTS
The PV system under study has been tested using an experimental setup in which an I-V curve of a commercial PV array has been programmed on a controllable dc source XANTREX XDC 600-10. The parameters of the experimental inverter are shown in Table I , and the parameters of the dc/dc converter are shown in Table II . The control runs on a general-purpose board designed for the Texas Instruments DSP TMS320F28335 at a sampling frequency of 32 kHz for both the dc/dc converter and the inverter. The grid voltage is 230 V rms at 50 Hz. The battery bank was emulated by means of a controllable dc source AMREL SPS 800-12 DO13 connected to power resistors that enable the power flow from the dc link to the emulated battery bank (P bat < 0). Fig. 19 shows the system behavior in islanded mode with resistive load steps (P out = 1202 W → 1442 W → 1202 W) at a constant irradiation level (P PV = 1300 W). The upper two graphs show the evolution of the PCC voltage and the current injected by the inverter to the loads. The third graph shows the evolution of the current injected from the batteries (I bat in Fig. 3 ). The fourth graph depicts the evolution of the dc-link voltage. The dc/dc converter keeps the dc-link voltage following its reference regardless of the inverter output power. higher than the power generated by the PV source (1140 W), and the batteries provide the difference. The system keeps a constant dc-link voltage. It is observed that, in the mode transition, the inverter output current produces a small variation of PCC voltage and dc-link voltage. A smooth transient between both operational modes is noticeable.
To implement a soft transition from islanded mode to gridconnected mode, it is necessary to synchronize the inverter output phase and the grid phase. Fig. 21 shows the experimental results of the synchronization algorithm. When both phases match, the grid-connection circuit breaker can be reclosed. Synchronization is achieved in about 800 ms. Fig. 22 shows the waveforms of the smooth transition between islanded mode and grid-connected mode. Once the grid and the inverter voltages are synchronized, the grid circuit breaker is reclosed. This transition has no significant voltage or current transients. The inverter is loaded with a resistive load of 1200 W in islanded mode. After the transition, the inverter injects the power available in the emulated PV source into the grid, in this case, P PV = 1000 W.
VII. CONCLUSION
A PV power management system with battery backup capable of both islanded and grid-connected operations has been studied in this paper. The system is based on a battery-side dc/dc converter connected to the dc link of the PV inverter. The control of the dc-link voltage is performed by the dc/dc converter in islanded operation and by the inverter in gridconnected mode. The MPPT algorithm provides the dc-link voltage reference for either of the power converters. Only a part of the generated power is processed by the dc/dc converter. The power flow in the batteries and their charge level are controlled by the dc/dc converter.
The transition between grid-connected and islanded modes and vice versa is implemented by means of a reconfiguration of controllers. In grid-connection mode, the inverter is controlled as a current source in phase with the grid voltage. When the inverter becomes isolated from the grid, the inverter changes its control configuration, working as a voltage source and using the droop method to feed the local loads. The batteries provide the supplementary power to the loads if the PV available power is insufficient.
The main operational aspects of the system were verified by means of simulations and experimental results.
